We have modeled postseismic deformation in the region surrounding the Izmit and Duzce earthquake ruptures between 1999 and 2003, using a three-dimensional viscoelastic finite element method. As earlier studies have indicated, surface deformation over the first few months following the Izmit earthquake is principally due to stable frictional afterslip on and below the Izmit earthquake rupture. However, a second process is required to fit the continuing surface deformation after three to six months. Viscoelastic relaxation of the lower crust and or upper mantle with a viscosity of the order of 2 to 5 times 10 19 Pa s can improve significantly the models' fit to later GPS site velocities. However, this viscosity range is inconsistent with highly localized interseismic deformation around the NAFZ. We suggest that transient viscoelastic relaxation of the lower crust or upper mantle with a Burgers body rheology is compatible with deformation around the NAFZ throughout the earthquake cycle. This explanation is also consistent with slow seismic velocities and marked attenuation in the upper mantle beneath much of Turkey.
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Abstract.
We have modeled postseismic deformation in the region surrounding the Izmit and Duzce earthquake ruptures between 1999 and 2003, using a three-dimensional viscoelastic finite element method. As earlier studies have indicated, surface deformation over the first few months following the Izmit earthquake is principally due to stable frictional afterslip on and below the Izmit earthquake rupture. However, a second process is required to fit the continuing surface deformation after three to six months. Viscoelastic relaxation of the lower crust and or upper mantle with a viscosity of the order of 2 to 5 times 10 19 Pa s can improve significantly the models' fit to later GPS site velocities. However, this viscosity range is inconsistent with highly localized interseismic deformation around the NAFZ. We suggest that 
Introduction
Deformation around the North Anatolian Fault Zone (NAFZ) has been monitored with high-precision space geodetic techniques for over a decade (e.g., Reilinger et al., 2006; Ergintav et al., 2002; Wright et al., 2001; McClusky et al., 2000; Kahle et al., 1998; Straub et al., 1997) . These data illustrate how the Earths surface deforms around a plate boundary fault, throughout the earthquake cycle. In previous studies, we have modeled interseismic deformation around the 1940s rupture segment of the NAFZ, as well as coseismic and early postseismic deformation from the 1999 Izmit earthquake (Hearn et al., 2003; Hearn et al., 2002; Hearn and Bürgmann, 2005) . We have concluded from these studies that the mantle viscosity must exceed 5 x 10 20 Pa s, that the NAFZ has an aseismic extension penetrating most of the crust, and that the aseismic creep along this shear zone may have a weakly velocity-strengthening rheology.
Here, we model postseismic deformation following the Izmit-Duzce earthquake sequence over a longer postseismic time period (from 1999 to 2003) . We test plate boundary models incorporating viscous fault zone creep, stable frictional afterslip, viscoelastic relaxation of nonlinearly or linearly viscoelastic lower crust, and combinations of afterslip and viscoelastic relaxation. We find that the earliest Izmit postseismic deformation is consistent with velocity-strengthening frictional afterslip (as in our earlier study). Relaxation of nonlinearly viscoelastic lower crust and viscous afterslip on a shear zone with depth-varying rheology are also compatible with early deformation, but can be ruled out on the basis of later deformation and the required rheologies. After about three months, none of these processes produce high enough strain rates to match observed velocities at some GPS 
Methods
Time-dependent deformation is calculated using GAEA (Saucier and Humphreys, 1993) , a 3D viscoelastic finite element code. The FE code solves for nodal displacements resulting from elastic deformation of the modeled volume in response to applied displacements or velocities. Distributed viscoelastic deformation is modeled as in other FE codes (e.g., TECTON, Williams and Richardson, 1991) , that is, by calculating the viscous deformation that would occur over one time step (given the element stresses and the viscosity), and adding the resulting nodal displacements to the displacements from the prior elastic step.
Postseismic fault zone creep is modeled by calculating the shear stress along the NAFZ (assuming horizontal slip) and using the constitutive relationship to calculate the slip per time step, and adding this to the slip at each fault node, which is imposed using the split node technique (Melosh and Raefsky, 1980 For the Izmit earthquake, the fault geometry of Feigl et al. (2002) is assumed. For the Düzce earthquake, we assume the rupture geometry and slip distribution from Bürgmann et al. (2002) . Coseismic slip is interpolated from the centers of slip model patches to the fault node coordinates along the FE mesh. Coseismic slip is imposed using the split node technique (Melosh and Raefsky, 1980) . The Izmit earthquake is modeled at t = 0 days and the Dzce earthquake at t = 87 days. Viscoelastic structure and fault rheology are varied in the simulations, which are described in more detail in the results section.
Modeled coseismic and postseismic surface displacements from GAEA are comparable to results from the Okada (1985) analytical solution and the FE code TECTON (Williams and Richardson, 1991) , respectively (Hearn, 2003) .
Finding optimal parameter values
To measure model performance we calculate and sum squared, weighted residuals for modeled and measured velocities at each GPS site location, for all three displacement components, at daily intervals up to 900 days after the Izmit earthquake:
We distinguish this from WRSS t , which is the measure of model misfit for an individual time step.
2.2. Models
Velocity-strengthening frictional afterslip (FAS)
Velocity-strengthening friction is implemented using the "hot friction" parameterization of Linker and Rice (1997) , described also by Hearn et al. (2002) and Hearn (2003) . The equation for slip velocity is:
V 0 is the secular slip rate, (a − b) is the empirical constant relating fault friction change to change in slip velocity, σ n is the effective normal stress, and τ is the time-dependent earthquake-induced shear stress resolved onto the fault surface. In these models we assume that velocity-strengthening afterslip can occur at depths of 0-2 km and below 10 km. For the second class of afterslip models, we treat the fault zone at depths exceeding 10 km as a finite-width zone with a Newtonian viscosity. The creep velocity V (i.e., the velocity of one side of the finite shear zone relaive to the other) is:
In Equation 4, η is viscosity, w is the horizontal width of the shear zone, and parameter η/w is varied. V is relative to the rate at which the fault zone was creeping prior to the earthquake. η/w may increase or decrease with depth depth between 10 and 32 km (crust) and is constant at 32+ km (upper mantle), as shown on FIGURE 2b. The equation assumed for the variation of η/w with depth (z) in kilometers is:
Viscoelastic relaxation of lower crust
In a previous study (Hearn, 2003) , several configurations of Newtonian viscoelastic layers were modeled and it was determined that postseismic deformation characteristic of large, strike-slip earthquakes is most compatible with relaxation of a thin, lower crustal layer or detachment. Hearn (2003) also found that a nonlinear rheology fits the timedependent postseismic deformation data better than a Newtonian rheology, but that unusual rheologies (not consistent with available laboratory-derived flow laws) are required. for each model element using as described by Hearn (2003) . The equation for effective viscosity of a model element is:
η ef f (t,elem) and σ (t,elem) are the effective viscosity and the differential stress (coseismic plus postseismic) in the model element at time t after the earthquake. Since σ (t,elem) is calculated by the FE code prior to each time step, and n = 3, the only free parameters are η pre and σ pre .
Dual process (DP) model: Afterslip plus viscoelastic relaxation
FIGURE 2d shows a schematic of our dual process model in which afterslip and viscoelastic relaxation are both modeled. Afterslip is modeled assuming the hot friction rheology of Linker and Rice (1997) and viscoelastic relaxation of the lower crust and upper mantle are modeled as Newtonian viscoelastic media. In the lower crust and upper mantle, afterslip and viscoelastic relaxation may occur simultaneously.
GPS Data
We compare the output of our models with three-dimensional surface velocities at 55 GPS sites from the region surrounding the Izmit and Dzce ruptures. The analysis is described by Ergintav et al (2006) . Secular GPS site velocities from a block model slip, as expected from the initial slip distribution we assume, which loads these sections of the fault. Slip velocities decay logarithmically with time, as expected for 1D models of frictional afterslip (e.g., Marone et al., 1991) , in most locations but in some locations the logarithmic pattern is obliterated because slip is driven by postseismic stress changes due to slip on adjacent fault patches. The total potency of afterslip as a function of time for the best FAS model (FAS1) at depths less than 2 km is similar to kinematic slip inversion results ; also shown on FIGURE 3). However, FAS1 yields more localized patches of higher magnitude slip. This could be remedied by modeling a smoother coseismic slip distribution along the top 2 kilometers of the rupture or by assuming a lower µ around the fault in the shallow crust.
After about three months, FAS1 cannot reproduce deep slip at the rates indicated by the kinematic inversions . Kinematic slip inversions require afterslip rates of 800 mm/yr, whereas FAS1 can only yield about 500 mm/yr (FIGURE 3). By 900 days after the Izmit earthquake, the FAS1 model yields perhaps one third the kinematically required afterslip. This is true for all of our viscous and frictional afterslip D R A F T October 29, 2006, 11:37am D R A F T models, independent of fault zone rheology: afterslip slows because most of the coseismic shear stress along the fault has been dissipated within about three months of the Izmit earthquake. Afterslip triggered by the Düzce event (FIGURE 3) is insufficient to make up the difference.
Parameter values and fit to GPS velocity data
FIGURE 4 shows the sensitivity of WRSS to parameter variation for the FAS models.
The best fit to the GPS data is obtained with (A-B) = 0.5 MPa in the mid crust, comparable to the result from Hearn et al. (2002) . Surface deformation is less sensitive to the value of (A-B) in the top 2 km of the crust. is slower, however, and there is a progressive deepening of the afterslip which is less apparent in the frictional afterslip model. This difference is not enough to be resolved by the GPS data, since both models fit the GPS data equally well. In the best-fitting solution where η/w decreases with depth (VSZ1), the slip evolution is different. Afterslip is evenly distributed over a broad depth interval and is higher than for the FAS and VSZ1 models, but the slipping zone narrows late in the simulation, and becomes somewhat shallower (especially below the Duzce hypocentre). The western slip patch also disappears between years 1 and 3. In this model, the fit to later GPS data from the Marmara region is poorer than for the VSZ2 and FAS1 models.
FIGURE 6 shows the sensitivity of WRSS to parameter variation for the VSZ models.
The best fit to the GPS data is obtained in models where (η/w) either decreases or increases with depth (i.e., models VSZ1 and VSZ2 for a model with fixed GPS sites (a reduction of 33%). If station MADT is excluded from the WRSS t calculations (it contributes 900 to 1000 to the WRSS t at 2.5 years regardless of the model, similar to the WRSS t value for a model with no motion), the VSZ1 and VSZ2 models yield reductions in the WRSS of 26% and 50%, respectively.
Nonlinear viscoelastic relaxation (NL) models
We have also run models to asess whether relaxation of nonlinear viscoelastic lower crust (with stress exponent n = 3) could explain Izmit postseismic deformation. FIGURE 8 shows sensitivity of WRSS to variations in the pre-earthquake differential stress and viscosity. We find that for a nonlinear lower crust model to fit the GPS data as well as the FAS model, the effective viscosity and differential stress in the lower crust before the earthquake are about 5 x 10 18 Pa s and 0.1 MPa.
Sixty-five days after the Izmit earthquake, the best nonlinear model (NL1) yields a WRSS t value of 5.5 x 10 4 for a 60% reduction in WRSS t relative to a model with fixed (for a reduction of 64%). We note that the sensitivity to total WRSS on FIGURE 10
appears modest because the main improvements to model fit are at later times, when the individual WRSS t contributions are smaller than immediately after the earthquake.
Discussion
Observations and models of surface deformation around the North Anatolian Fault and (or) upper mantle with a transient or nonlinear rheology is responsible for most of the later postseismic and interseismic deformation.
Early postseismic deformation: Evaluation of the models and why we settled on afterslip
In terms of fit to the GPS velocity data from the first three years after the Izmit earthquake, we have shown that the earliest postseismic deformation is consistent with viscoelastic relaxation of nonlinear lower crust, viscous afterslip with depth-dependent η/w, or frictional afterslip. None of these models can explain the deformation rates beyond about the first year, however.
We devised a nonlinear lower crust model with n = 3 that fit the earliest Izmit-Duzce postseismic deformation (NL1), but the low pre-earthquake stresses and strain rates required by this model are problematic. FIGURE 11 shows the temperatures at which flow laws typical of crustal rocks would yield the required pre-earthquake viscosity value (10 18 Pa s) at a differential stress of 0.1 MPa (the conditions required by our model; see FIGURE 8). To generate FIGURE 11, we calculated effective viscosity for a randomly sampled set of synthetic flow laws with the following parameter values: 2.5 ¡ n ¡ 3.5, Q = 100 to 300 kj/ mol, and log(A) = -3 to -10, differential stress = 0.1 MPa, and T = 300
to 1200C. The range in A is large because this is the parameter not well constrained by laboratory experiments. Real flow laws for quartzite and crustal rocks of various types are plotted on FIGURE 11 for reference. The inset on FIGURE 11 shows the sensitivity of our result to variation in the required initial differential stress. 11). However, the required pre-earthquake stress is so low that linear diffusion creep, rather than nonlinear dislocation creep, is expected. Another problem is that higher effective viscosities are required later in the earthquake cycle (as described in the next section). For the required interseismic differential stress of about 0.1 MPa, strain rates must be about 10 −16 /s. Such strain rates are too low to be consistent with lower crust and mantle deformation around a major plate-boundary fault (or with the highly localized surface strain around the NAFZ throughout the earthquake cycle).
The VSZ models require tuned, depth-dependent η/w values ranging from 10 (Melbourne et al. 2002) . Rapid afterslip has also been noted after thrust faulting earthquakes within continental crust (e.g. the 1999 Chi Chi, Taiwan earthquake, Hsu et al., 2002) , where it has also been modeled as velocity-strengthening frictional slip ( Perfettini and Avouac, 2004) . Given the near-ubiquity of afterslip along shallow dip-slip faults, where it can be distinguished more easily from viscoelastic relaxation than it can in a strike-slip setting, it would be odd if the earliest phase of postseismic deformation following the Izmit earthquake were due to another process. Geological studies also pro-
vide some evidence for rapid afterslip after large earthquakes, near the Earths surface (e.g., Marone et al., 1991) and below the (interseismic) brittle-ductile transition (Ellis and Stockhert, 2004) . Temporary, postseismic deepening of the brittle-ductile transition in the crust is also consistent with brittle, rather than viscous, early afterslip (Rolandone et al., 2004) .
Later postseismic deformation: transient or nonlinear lower crust and/or upper mantle
If we attribute the earliest postseismic deformation to rapid afterslip, treating it as part of the coseismic fault slip, viscoelastic earthquake cycle models still predict easily measurable variations in the pattern of strain around the NAFZ at different times in the earthquake cycle, unless a high viscosity (at least 5*10 20 Pa s) is assumed below the brittle-ductile transition (Hearn et al., 2002 , based on Savage, 1990 . However, there is no observable relationship between the time since the most recent major earthquake along a segment of the NAFZ and strain concentration around that segment (e.g., Ayhan et al., 2002; Reilinger et al., 2006) . InSAR studies corroborate that strain is tightly localized around NAFZ rupture segments that last produced major earthquakes over sixty years ago (Wright et al., 2001 ). Models of regional-scale secular deformation around the NAFZ (representing average deformation rates over multiple earthquake cycles) also require a high, vertically averaged lithosphere viscosity consistent with block-like behaviour over thousands of years (Jimenez-Munt and Sabadini, 2002) , and similar conclusions have also been reached for other transform plate boundaries (e.g., Fay and Humphreys, 2005a and 2005b; Johnson and Segall, 2004) .
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On the other hand, low viscosities in the Anatolian upper mantle (i.e., under 10 20 Pa s) would be consistent with marked attenuation of regional seismic phases (particularly Sn, which broadcasts upper mantle properties), and low P wave velocities in the mantle ( 7.7 km/s) in central Turkey (Sandvol et al., 2001; Gok et al., 2000, Hearn and Ni, 1994; Maggi and Priestly, 2005) . Regional scale secular deformation in the Anatolian region is compatible with a moderately low (10 19 Pa s) lower-crustal viscosity and a mantle viscosity immediately below the Moho low enough to exert negligible shear tractions on the crust (Provost et al., 2003) . Such "creme brulee" models can yield block-like behaviour as long as low shear stresses are assumed along the block-bounding faults (e.g., Fay and Humphreys, 2005a and 2005b) .
Nonlinear flow laws for crust and mantle rocks at the temperatures we expect at these depths can theoretically produce an effective viscosity of the order of 2 to 5*10 19 Pa s just after the earthquake, increasing by at least a factor of 10 as the coseismic stress dissipates. Such deformation could supplant FAS within several months of the earthquake, and over the longer term, the mantle would behave as a higher effective-viscosity material.
The stronger interseismic behaviour of the lithosphere would be compatible with highly concentrated strain around the NAFZ, but earthquake cycle modeling would be required to determine whether the interseismic strain rate in the mantle or lower crust would be low enough to yield the necessary (high) interseismic viscosity values.
An alternative possibility is aneleastic mantle or lower crust with a transient Burger's body-type rheology, which responds to a stress step with two relaxation times. The effective viscosity of the early deformation yields to a higher effective viscosity as strain differ by about a factor of 10 or less (Chopra, 1997) . Chopra observes the greatest differences between the two viscosity values at the lowest temperatures he investigates (900 to 1000 C), which are generally hotter than the Moho. Attributing the earliest postseismic deformation following a large earthquake to transient rheology (e.g., Pollitz, 2003) , seems unwarranted given available constraints of the ratio of the early and late effective viscosities. However, a factor-of-10 difference between the "later" postseismic and interseismic effective mantle viscosities might be sufficient to explain the postseismic deformation 3 months to four years after the Izmit earthquake, while preserving high strain around the NAFZ over the interseismic interval. Two-dimensional models of Izmit earthquake postseismic deformation, incorporating a transient rheology, can fit the faultparallel velocities over the early postseismic and late interseismic intervals with a transient rheology (Hetland, 2006) . Hetland finds that the effective Maxwell times for the two superposed viscosities in his Burger's Body model are 2-5 years (corresponding to an η ef f of 0.4 to 1 x 10 19 Pa s, assuming G = 60 MPa) and at least 400 years (η ef f of 8 x 10 20 Pa s ). In our models, afterslip explains the earliest postseismic deformation and continues at a low rate for months after the earthquake, which may explain why we get a somewhat higher initial η ef f than Hetland (2006) .
In the discussion above, we ignore the possibility that another process, such as afterslip along the Yalova segment of the NAFZ, is responsible for the postseismic deformation from 90 to 900 days after the Izmit earthquake. If such a process is occurring, the lithosphere's effective viscosity over this time period must exceed the minimum admissible values from to the fact that these models yield similar velocities at Marmara CGPS sites and in the near field, and that elsewhere the signal to noise ratio appears to be too low for the GPS data to discern between these two very different models. However, given that there is no obvious mechanism for producing the required afterslip, the simplest explanation for the later postseismic deformation is that the effective viscosity of the crust or upper mantle varies with time between earthquakes.
5.4. Interseismic Deformation: weak aseismic fault zone creep within a strong lithosphere Models of interseismic deformation suggest that highly localized and steady strain rates along faults result from low stresses along creeping fault segments, a shallow fault locking depth, and reasonably high-viscosity upper mantle and lower crust (e.g., Johnson and Segall, 2004) . If viscous fault zone creep is occurring along the NAFZ in the middle crust throughout the earthquake cycle, consistent with model VSZ2, it would give rise to a shallow locking depth. Two-dimensional numerical models suggest that a fault zone with a frictional rheology also creeps at significant rates in the middle crust at or below the earthquake nucleation depth (e.g., Lapusta et al., 2000) throughout the earthquake cycle, also consistent with a shallow locking depth. (Deep patches of coseismic slip and afterslip are present along the NAFZ, but these use up only a minority of the interseismic slip budget in the mid crust and variations in apparent locking depth along strike should be significant, but are probably not resolvable with the existing GPS network).
Geodynamic models of secular deformation (Jimenez-Munt and Sabadini, 2002; Provost et al., 2003) require that the effective friction coefficient along the NAFZ (that is, the re- the San Andreas, San Jacincto, and Queen Charlotte faults in North America (Fay and Humphreys, 2005c; Humphreys and Coblentz, 2005) . Our models are consistent with these findings. For the viscous shear zone case, the average shear tractions along the NAFZ are of the order of megapascals or less (depending on the depth). For the FAS models, the friction coefficient µ may be dialed up or down with impunity to match the required stresses along the NAFZ: our afterslip law depends only on velocity-strengthening parameter (A-B), not on the value of µ itself. Given the low value of (A-B) our model requires, however, we could speculate that pore pressures along the NAFZ are elevated (reducing the effective normal stress), which would be consistent with minimal side tractions along the NAFZ in the geodynamic models for somewhat higher values of µ.
Tying it all together: North Anatolian Fault Zone Earthquake Cycle Model
We have developed a preliminary lithosphere and fault zone model for the boundary between the Anatolian Microplate and the Eurasian Plate, which is compatible with observations of coseismic, postseismic, and interseismic deformation. In this model, lower crust and upper mantle stresses are significantly greater than coseismic stress changes over most of the earthquake cycle, yet low enough to be consistent with regional dynamic models of secular deformation (e.g. Jimenez-Munt and Sabadini, 2002; Provost et al., 2003) . Stresses must be close to the Coulomb failure threshold to a depth of about 24 km to permit the deep coseismic rupture (Hearn et al., 2002; Hearn and Bürgmann, 2005) . Rapid afterslip is most likely due to velocity-strengthening brittle creep, which also requires stresses along the fault zone in the middle crust to exceed the Coulomb 19 Pa s immediately after the earthquakes, evolving to a significantly higher value later in the cycle. To complete our understanding of this plate boundary, earthquake cycle models with realistic mantle rheologies will be required, and the small but persistent discrepancy between geological and GPS estimates of NAFZ slip rates will have to be fully understood.
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